SUMMARY
Beak shape plays a key role in avian radiations and is one of the most intensely studied aspects of avian evolution and ecology [1] [2] [3] [4] . Perhaps no other group is more closely associated with the study of beak shape than Passeriformes (passerines or perching birds), the most species-rich ordinal clade of modern birds. However, despite their extraordinary present-day diversity, our understanding of early passerine evolution has been hindered by their sparse fossil record [5, 6] . Here, we describe two new species of early Eocene stem passerines from the Green River Formation of the United States and the Messel Formation of Germany. These species are the oldest fossil birds to exhibit a finch-like beak and provide the earliest evidence for a diet focused on small, hard seeds in crown birds. Given that granivory is a key adaptation that allows passerines to exploit open temperate environments, it is notable that both species occurred in subtropical environments [7, 8] . Phylogenetic analyses place both species within the Psittacopedidae, an extinct Eocene clade of zygodactyl stem passeriforms that also includes the slender-beaked nectarivorous Pumiliornis, the short-beaked Psittacopes, and the thrush-beaked Morsoravis. Our results reveal that stem passerines attained a diversity of beak shapes paralleling many of the morphotypes present in extant passerine finches, thrushes, and sunbirds, more than 35 million years before these morphotypes arose in the crown group. Extinction of these ecologically diverse fossil taxa may be linked to more sophisticated nest construction in anisodactyl crown passerines versus cavity-nesting in Eocene zygodactyl stem passerines [9] .
RESULTS AND DISCUSSION
Passerines far and away represent the most speciose radiation of modern birds, comprising over 6,000 species that are divided into three major clades: New Zealand wrens, suboscines, and oscine songbirds [10, 11] . In contrast to this astonishing modern diversity, the fossil record of stem passerines is very poor, with only a handful of archaic stem taxa reported to date [5, 6] . Unlike extant passerines, these extinct taxa are characterized by at least semi-zygodactyl feet, in which the fourth toe can be reversed. Among the better-known stem passerines are the Zygodactylidae, which are well established as the sister group to crown passerines [12] and are abundantly represented at some early Cenozoic fossil sites [13, 14] .
A diversity of beak shapes allows passerines to pursue a wide range of feeding strategies: taking insects in flight, foraging for prey under bark crevices, consuming small seeds or pulpy fruits, and even sipping nectar from flowers. However, our understanding of early beak evolution in passerines has remained limited because all known representatives of Zygodactylidae possess a rather generalized beak [13] . Recently, several less well-known fossil taxa were proposed to represent more basal stem passerines [9] , including the enigmatic Psittacopes (originally identified as a stem parrot [15] ), Pumiliornis (originally considered to be of unknown affinities [16] ), and Morsoravis (originally identified as a stem shorebird [17] ). Here, we identify two new species of stem passerines that represent the oldest birds with finch-like beaks. These new species help resolve the phylogeny of archaic passerines, providing new support for unifying an enigmatic cluster of remarkably diverse Eocene species.
Included Species
Eofringillirostrum boudreauxi and Eofringillirostrum parvulum.
Etymology
From Greek eos (''dawn''), Latin fringilla (''finch''), and Latin rostrum (''beak'').
Diagnosis
Diagnosed by the following derived features: (1) conical, finchlike beak, (2) elongated retroarticular process of mandible, (3) thoracic vertebrae with deep ovoid lateral depressions, (4) humerus with well-developed dorsal supracondylar tubercle, carpometacarpus with (5) weak extensor process and (6) well-developed intermetacarpal process, (7) tibiotarsus with wide distal end, (8) short tarsometatarsus with (9) accessory trochlea for the reversed fourth toe, and (10) abbreviated pedal phalanx II-1. Eofringillirostrum boudreauxi Ksepka, Grande, and Mayr sp. nov.
Holotype FMNH PA 793, articulated skeleton with feather remains ( Figures  1A-1E ).
Etymology
Named after Terry Boudreaux, who donated the holotype to the Field Museum.
Diagnosis
Larger of the two known species of Eofringillirostrum, skull measuring 172%-186% of humerus length.
Type Locality and Horizon
Locality A [7] , ''Sandwich beds'' of the early Eocene Fossil Butte Member of the Green River Formation at Lewis Ranch, near Kemmerer, Wyoming, USA. Eofringillirostrum parvulum Mayr, Ksepka, and Grande sp. nov.
Holotype

IRSNB Av 128a+b, partial skeleton on two slabs (Figures 1F-1I)
Etymology From Latin parvulum (''small'').
Type Locality and Horizon
Early Eocene Messel Formation near Darmstadt, Germany [18] .
Diagnosis
Differs from Eofringillirostrum boudreauxi in smaller overall size, proportionally larger skull (197% of humerus length) and more bowed mandible.
Description
Eofringillirostrum boudreauxi was approximately the size of the extant Red-breasted Nuthatch Sitta canadensis (average mass 9.8g [19] ) based on skeletal dimensions, and E. parvulum was slightly smaller. Given that both species are very similar, they are described together. However, due to poor preservation, few details of the postcranial anatomy are observable in E. parvulum. Thus, all descriptions of the postcranial skeleton refer to E. boudreauxi unless otherwise indicated.
Eofringillirostrum is clearly distinguished from all previously described Eocene birds in that the short upper beak has a conical shape and tapers to a fine tip. In this regard, Eofringillirostrum closely resembles certain passerine finches (e.g., American Goldfinch Spinus tristis; Figures 3B and 3L) . The down-curved mandible exhibits a caudally elongated retroarticular process and a narrow slit-like opening adjacent to the suture between the surangular and dentary.
A large ovoid depression is present on the corpus of one of the caudal thoracic vertebrae that is exposed in lateral view. The pygostyle, which has become separated from the other caudal vertebrae, is very small. The coracoid lacks a foramen for the supracoracoideus nerve and has a weakly developed procoracoid process. The furcula (better exposed in E. parvulum) is robust and appears to lack an apophysis. The wing skeleton corresponds well with that of other stem group passerines. The humerus is short and straight, with a wide and low head, a poorly developed bicipital crest, a short deltopectoral crest, and a well-developed dorsal supracondylar tubercle. The robust ulna exceeds the humerus in length. The carpometacarpus bears a strongly developed intermetacarpal process. Metacarpal III is relatively straight and the intermetacarpal space is narrow. The pelvis is poorly preserved, but a thin bridge of bone between the ilium and ischium suggests a fully enclosed obturator foramen. The tarsometatarsus is short (approximately half the length of the tibiotarsus). A short plantar projection visible in lateral view suggests one or more fully enclosed hypotarsal canals were present for the deep flexor tendons. A crista medianoplantaris is absent. Trochlea metatarsi II and IV each bear a wing-like flange. Trochlea metatarsi IV further bears a fully developed accessory trochlea, which is separated from the small main body of trochlea metatarsi IV by a deep groove and indicates the feet were at least semi-zygodactyl.
Feather traces in the E. boudreauxi holotype reveal that the primaries accounted for approximately half of overall wing length, consistent with a relatively narrow wing shape. Overall tail length is approximately one third that of the entire body. Additional morphological details and comparisons are provided in the Supplemental Information.
Phylogenetic Analysis
Our primary analysis, enforcing a molecular backbone constraint from a recent phylogenomic study [20] , resulted in 394 most parsimonious trees of 707 steps ( Figure 2 ). The strict consensus of these trees unites Eofringillirostrum, Psittacopes, Pumiliornis, and Morsoravis in the Psittacopedidae, which in turn is recovered as a clade of stem Passeriformes. The position of the enigmatic early Oligocene taxon Eocuculus is unresolved, and this taxon is part of a polytomy including Psittacopedidae and the clade uniting Zygodactylidae and crown Passeriformes. Monophyly of Psittacopedidae is supported by four character states: (27:0) presence of twenty or more presacral vertebrae (condition uncertain in Eofringillirostrum), (49:1) hooked acrocoracoid process, (85:0) weakly projected extensor process (reversed in Pumiliornis), and (93:1) closed obturator foramen. One additional character, (130:1) greatly widened proximal phalanx of pedal digit IV, is potentially also synapomorphic for Psittacopedidae but is of uncertain optimization because it is also present in Eocuculus. An extended discussion of character optimizations for other key nodes is provided in the Supplemental Information.
The unconstrained analysis of the morphological dataset recovered 1,224 most parsimonious trees of 670 steps. The strict consensus tree is highly unresolved ( Figure S3 ). However, this is due primarily to the instability of a few poorly known fossil taxa as well as multiple equally parsimonious arrangements of deep branches. An Adams consensus tree ( Figure S3 ) reveals that in all trees, a monophyletic Psittacopedidae (comprising Eofringillirostrum, Psittacopes, Pumiliornis, and Morsoravis) is supported, and a Majority Rules Consensus tree further reveals that (Psittacopedidae + Eocuculus) is recovered as the sister clade of (Zygodactylidae + Passeriformes) in 50% of the most parsimonious trees ( Figure S3 ). The unconstrained analysis therefore also supports the monophyly of Psittacopedidae although it does not fully resolve where this clade falls within Telluraves. We attribute this lack of resolution in part to the absence of cranial data for Eocuculus as well as homoplastic morphological features drawing together some groups that are unsupported in any recent molecular studies, such as the raptorial Accipitriformes and Falconiformes. We consider the placement of Eofringillirostrum as a stem passerine to be well founded. However, the inclusion of Eofringillirostrum within Psittacopedidae is less certain due to homoplastic characters as well as missing data. Specifically, we acknowledge the possibility that Eofringillirostrum could prove to be more closely related to (Zygodactylidae + crown Passeriformes) than to other taxa included in Psittacopedidae. This alternative placement is suggested by the shared presence of a very well-developed intermetacarpal process and dorsal supracondylar tubercle in Eofringillirostrum, Zygodactylidae (though the dorsal supracondylar tubercle is weak in Primozygodactylus), and crown Passeriformes. However, this would in turn require convergence in other features such as the elongation of the retroarticular process.
Diet in Early Passerines
Seeds span a wide array of sizes and shapes, from the tiny seeds of grasses to coconuts. A large number of extant bird clades exploit seeds for at least a portion of their food intake, and ancestral ecology reconstructions suggest partially granivorous diets arose in crown birds during the Cretaceous [21] . However, these reconstructions examined only whether diet may have included seeds of any kind. The ability to subsist primarily on small, hard seeds likely required both a relatively small body size and a specialized beak. The short, sharp, conical beak shape of Eofringillirostrum is approached only in a few modern groups of birds, all of which are granivorous. These include multiple crown passerine clades (Geospizinae, Fringillidae, Cardinalidae, Emberizidae, Viduidae, Estrildidae, Passerellidae, Ploceidae, the icterid Molothrus, the alaudid Eremopterix, and Paradoxornithidae) as well as some Pteroclididae (sandgrouse, e.g., Pterocles alchata). Coliiformes (mousebirds), which consume a varied diet including a large proportion of fruit and leaves, also have a short and conical beak, though the dorsal margin of the upper beak is roundly curved rather than straight ( Figure S1 ).
Eofringillirostrum closely mirrors the beak morphology of modern finches and thus represents the oldest crown bird with clear adaptations to a diet focused on small, hard-shelled seeds. However, the retroarticular process is typically short in passerine finches, so the presence of an elongate retroarticular process in combination with a short, conical beak in Eofringillirostrum is interesting. A short beak in combination with a long retroarticular process is present in a few granivorous and frugivorous birds, including some Galliformes and Psittaciformes, as well as the sandgrouse Pterocles alchata [22] . The frugivorous stem mousebird Oligocolius psittacocephalon also exhibits a short beak and long retroarticular processes, though the skull of this species is more parrot-like with a very wide interorbital region and a marked nasofrontal hinge [22] . Whereas an elongated retroarticular [20] . Bootstrap support values are shown above the branches they pertain to, though note nodes that are constrained may receive artificially high support (e.g., Psittaciformes). Character list, scorings, and additional details of analyses are provided in the Supplemental Information and Figure S3 . process is associated with a more forceful opening of the beak to aid probing in soil or opening tough fruits in some long-beaked extant passerines [23] , its presence in the finch-beaked Eofringillirostrum is more likely to be associated with enhanced gaping ability, perhaps for ingestion of larger seeds for temporary storage in the crop, or to provide additional dietary flexibility by allowing the bird to swallow fruits.
Several Early Cretaceous stem birds including the non-ornithuromorph taxa Sapeornis and Jeholornis, as well as the ornithuromorph Eogranivora, preserve gymnosperm seeds as crop or gut contents [24] [25] [26] . However, Sapeornis and Jeholornis possessed more primitive and generalized beaks, which still bore teeth. Because the seeds reported in the crop or stomach contents of these fossils are intact and uncrushed, we consider it possible these birds targeted the surrounding fleshy sarcotesta and ingested the seeds incidentally, therefore having been frugivorous rather than granivorous. Irrespective of the diet of these archaic birds, Eofringillirostrum provides the earliest fossil evidence of a crown group bird with a diet focused on small, hard seeds, as no other finch-billed fossil birds have been reported from Early Cenozoic deposits. This is consistent with recent molecular divergence dates that suggest extant bird clades with such feeding preferences did not begin diverging until the Cenozoic [e.g., 20]. Although many Galliformes consume small seeds as at least part of their diet and may have diverged from their sister taxon Anseriformes during the Cretaceous [27] , stem galliforms seem to have exhibited a much smaller crop, suggesting they preferred fruits to seeds [28] . Thus, we speculate that this dietary specialization did not arise in crown birds until after the K-Pg mass extinction, as birds rapidly radiated to fill vacant arboreal niches opened up by the extinction of archaic birds [5, 29, 30] . The scarcity of finch-beaked birds in well-sampled Eocene deposits supports the hypothesis that this ecological niche was not occupied by many birds until later in the Cenozoic, when temperate forest and grassland habitats spread more widely.
Parallel Radiations in Stem and Crown Passerines
Perhaps the most unexpected implication of our phylogeny is that stem passerines underwent an early morphological and ecological diversification that shows striking parallels to the later diversification of crown passerines, which evolved equivalent beak shapes and foraging habits during the Neogene. The ability to subsist on small seeds is a key adaptation that has allowed crown passerines to repeatedly invade open environments and tolerate pronounced seasonality by exploiting these energy-rich food packets [31] . However, ancestral ecology reconstructions suggest the common ancestor of crown passerines did not consume seeds [21] , and that partially granivorous diets first arose in crown passerines after the Early Eocene. Thus, stem group passerines such as Eofringillirostrum appear to have occupied ecological niches for primarily granivorous birds millions of years before crown passerines. Besides Eofringillirostrum, Psittacopedidae includes three other early Eocene taxa: Pumiliornis, Morsoravis, and Psittacopes. For the slender-billed Pumiliornis (Figures 3E and 3F) , flower-visiting habits and a nectarivorous diet have been revealed by pollen grains preserved as gut contents [32] , which suggests an ecological role similar to that of modern passerine sunbirds ( Figures 3M and 3N) . The elongate but less specialized beak of Morsoravis (Figures 3A and 3B) resembles that of modern thrushes (Turdidae) ( Figures 3I and 3J) , which generally feed on varying proportions of invertebrates and fruits [33] . Finally, Psittacopes represents an additional morphotype ( Figures 3G  and 3H ), in which the moderately downturned beak bears a resemblance to that of many species of small extant passerines-for example, the Bearded Reedling (Panurus biarmicus) ( Figures 3O and 3P) , a species which consumes insects but also takes reed seeds in the winter [34] . Interestingly, the more crown-ward stem passerine clade Zygodactylidae appears to have retained a generalized beak shape despite achieving a comparatively high level of species diversity [13, 14] . Recognition of the early success of stem passerines in exploiting numerous feeding niches raises the question of why none of these early lineages survived to the present. It is all the more puzzling that these ecologically diverse stem passerines died out only to be replaced by crown passerines exploiting the same feeding niches. An explanation may lie in the most recognizable difference between stem and crown passerines: the zygodactyl foot of stem passerines versus the anisodactyl foot of crown passerines. Phylogenetic and developmental evidence implies stem passerines were ancestrally zygodactyl [12, 35] . Stem passerines are hypothesized to have nested within tree cavities [36] , and it was assumed that their zygodactyl feet may represent an adaptation for clinging to tree trunks [5] . Thus, a shift to nesting outside of tree cavities may have allowed crown passerines to outcompete stem passerines despite their comparable feeding adaptations [5] . This hypothesis is congruent with the observation that parrots, the extant sister taxon of passerines, are primarily cavity-nesters, as are most other extant zygodactyl birds. In contrast, extant passerines construct a remarkable variety of sophisticated nests from a wide range of materials, allowing them to nest in nearly any environment [37, 38] . The advantages of flexibility in nest construction materials (e.g., twigs, plant fibers, spider webs, mud) and ability to camouflage such nests has been considered key to the success of modern songbirds [38] . Testing this hypothesis will, however, require further sampling of fossil avifaunas to better establish the extent of temporal overlap between stem and crown passerines.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
